We investigate from first principles the fieldlike spin-orbit torques (SOTs) in a Ag 2 Bi-terminated Ag(111) film grown on ferromagnetic Fe(110). We find that a large part of the SOT arises from the spin-orbit interaction (SOI) in the Ag 2 Bi layer far away from the Fe layers. These results clearly hint at a long-range spin transfer in the direction perpendicular to the film that does not originate in the spin Hall effect. In order to bring evidence of the nonlocal character of the computed SOT, we show that the torque acting on the Fe layers can be engineered by the introduction of Bi vacancies in the Ag 2 Bi layer. Overall, we find a drastic dependence of the SOT on the disorder type, which we explain by a complex interplay of different contributions to the SOT in the Brillouin zone.
I. INTRODUCTION
The current-induced spin-orbit torques (SOTs) on the magnetization in noncentrosymmetric ferromagnets, which arise from the interplay of exchange and spin-orbit interactions, are believed to play a key role in the realization of modern spinorbitronics concepts [1] [2] [3] [4] [5] . In the course of the past several years, two simple commonly employed pictures for the origin of the SOT in bilayer ferromagnet/nonmagnet systems were formulated. The first one relies on the spin accumulation mediated by the Edestein effect which takes place locally at the interface between the ferromagnet and the substrate [6] [7] [8] [9] [10] , where magnetism, spin-orbit coupling (SOC), and broken inversion symmetry coexist and give rise to a "fieldlike" or "odd" SOT. The second mechanism is attributed to the spin Hall effect [11, 12] in the substrate, generating a spin Hall current, which exerts an "antidamping" or "even" torque on the ferromagnetic magnetization upon reaching the interface. Among these two mechanisms, only the second one relies on a transfer of spin on a length scale larger than a few atomic distances and therefore has a nonlocal character.
For the understanding of the local interfacial SOT, the considerations based on the Rashba model were pivotal [1] . This is due to the fact that combining the Rashba model, which effectively describes the surface of a nonmagnetic substrate, with an external exchange field due to the presence of a ferromagnet deposited on a Rashba surface, yields a simple electronic structure where the interplay between the broken inversion symmetry, exchange and spin-orbit interactions can be well understood. In the light of continuous advances in experimental engineering of Rashba systems with desired properties, it seems reasonable to ask a question whether a system could be suggested in which strongly interacting Rashba and ferromagnetic components would be spatially separated. In such a system, the ability to tune the * g.geranton@fz-juelich.de † f.freimuth@fz-juelich.de ‡ y.mokrousov@fz-juelich. de properties of the Rashba component would give a unique ability to control the dynamics of a remote ferromagnetic part nonlocally, which would be very desirable for SOT applications.
Recently, a Ag 2 Bi-terminated Ag(111) film grown on ferromagnetic Fe(110) has been proposed by Carbone et al. [13] as an ideal system to study the unusual interplay of exchange and spin-orbit interactions. The strong k asymmetry of the band structure in this system was attributed to the spinselective hybridization between Rashba-split surface states at the Ag 2 Bi surface and exchange-split quantum well states in the Ag film. Apart from its fundamental interest for the study of systems lacking simultaneously time reversal and space inversion symmetry, the very peculiar electronic structure of that system suggests interesting properties in terms of spin-polarized transport. This is strongly supported by the numerous experimental works on spin to charge conversion and spin pumping in similar systems that involve Ag/Bi interfaces [14] [15] [16] [17] .
In this paper, we investigate from first principles the fieldlike SOTs in a Ag 2 Bi-terminated Ag(111) film grown on ferromagnetic Fe(110). We find sizable fieldlike torques in this system at disorder strength corresponding to the room temperature conditions, and disclose the role of the Rashba states at the Ag 2 Bi surface in giving rise to the nonlocal fieldlike spin-orbit torque acting on Fe magnetization positioned far away from the Rashba surface. We stress the fact that this nonlocal torque does not originate in the intrinsic spin Hall effect, as it arises already in the semiclassical approach within the constant relaxation time approximation, which does not account for the interband terms. This paper is structured as follows. First, we discuss in Sec. II the electronic structure of the studied system and discuss its symmetry. Next, we compute in Sec. III A the components of the torkance tensor within the constant relaxation time approximation (CRTA) and discuss in detail the role of the Ag 2 Bi layer in giving rise to the torque. Then, in Sec. III B, we use our formalism for the extrinsic SOT to demonstrate the possibility to engineer the fieldlike torque by tuning the disorder in the film. Finally, we conclude our study in Sec. IV. 
II. ELECTRONIC STRUCTURE
We compute the electronic structure of the film using the Korringa-Kohn-Rostoker (KKR) method and the Vosko-WilkNusair (VWN) functional [18] . We have constructed a film that contains five layers of Fe(110), nine layers of Ag(111), and one layer of Ag 2 Bi, which corresponds to the system studied in Ref. [13] . The magnetic moments of Fe atoms lie in the range of 2.69-2.95 µ B , while the induced magnetization in the Ag layers is negligible. The magnetization lies in the plane of the film and points in the e y direction, see Fig. 1 .
In Figs. 2(a) and 2(b), we display the k-resolved density of states (DOS) for k vectors parallel and perpendicular to magnetization direction, respectively. In full argeement to Ref. [13] , we find that the band structure is symmetric for k vectors parallel to magnetization direction (path P -Ŵ-P We analyze the states at the Fermi energy in Fig. 3 (a), which we mark by their weight on the Ag 2 Bi layer. The band closest to the Ŵ point exhibits a nearly circular shape and the weight of the corresponding states on the Ag 2 Bi layer reaches as much as 75%. The states found when moving away from the Ŵ point are more strongly asymmetric and tend to have a smaller portion on the Ag 2 Bi layer. Owing to the position of the Fermi energy Next, we analyze the states below the Fermi level. Namely, in Fig. 3(b) , we display the states whose energy is lower by 0.93 eV as compared to the Fermi energy and we mark them by the portion of their wave function on the Ag 2 Bi layer. As compared to the case at the Fermi energy [ Fig. 3(a) ], we observe that the states with a larger weight on the Ag 2 Bi layer spread over a much larger part of the BZ. This is in accordance with the dispersion of the Rashba bands in Figs. 2(c) and 2(d). The strong asymmetry in k space of the states with a large weight on the Ag 2 Bi layer is a signature of the simultaneous breaking of space inversion symmetry and time reversal symmetry due to the strong exchange field in the Fe layers. The corresponding states can be expected to play an important role in giving rise to the torque on the magnetization, as their behavior is strongly influenced by both spin-orbit and exchange interactions.
III. SPIN-ORBIT TORQUES
In the presence of an external electric field E, the crystal momentum of the electrons varies according tohk =−e E, where e is the positive elementary charge. In order to predict experimental response functions such as longitudinal conductivities or torques, it is necessary to account for the collisions between electrons and, e.g., phonons or impurities. The vector mean free path of the electrons in the presence of disorder-induced electronic transitions can be obtained by solving the Boltzmann equation. The calculation of the transition rates P kk ′ and the vector mean free path λ(k) within the KKR method was discussed in Refs. [19, 20] and its application to the spin-orbit torques in Ref. [21] .
In this work, we use two different approximations for the calculation of the vector mean free path. First, we neglect the scattering-in term in the Boltzmann equation, which is important for the calculation of the spin or anomalous Hall angles, but not for the longitudinal conductivities or the extrinsic spin-orbit torques. This yields an explicit expression for the vector mean free path
where v(k) is the group velocity and τ k is the state-dependent relaxation time obtained as
On the one hand, this approximation has the great advantage that it does not require to solve iteratively the Boltzmann equation, which causes convergence problems for systems lacking symmetry. On the other hand, it reproduces very accurately the dependence of the SOT on the type of disorder, which arises essentially from the modulation of the relaxation times for different states in the BZ. The second level of approximation is the constant relaxation time approximation (CRTA), where τ k is set to a constant value τ 0 , i.e.,
The energy parameter Ŵ quantifies the disorder strength and we set it to be 25 meV in order to mimic the effect of room temperature. The advantage of the CRTA is that the dependence of the spin-orbit torques on the disorder strength is known analytically and it does not require the calculation of the transition rates P kk ′ . The disadvantage is that it completely looses the dependence of the SOT on the type of disorder.
From the knowledge of the vector mean free path of the electrons λ(k), we compute the spin accumulation s and the spin-orbit torque T induced by an external electric field E.We define the response tensors for the spin accumulation, χ , and the torkance, t, according to s = χ E and T = tE.T h et w o response tensors are given by (µ B is the Bohr magneton)
and
where S BZ is the area of the two-dimensional BZ and integration is performed over the Fermi surface (FS) [22] . The torque operator T (r) is given by the vector product of the spin magnetic moment −µ B σ with the exchange field B xc (r), where σ is the vector of Pauli matrices. The calculation of the matrix elements for the torque operator within the KKR method was discussed in Ref. [21] . As discussed in latter work, the torkance computed according to Eq. (5) contributes to the fieldlike channel for SOT.
In the following, we first investigate in Sec. III A the SOTs in a Ag 2 Bi/Ag/Fe thin film within the CRTA, i.e., using Eqs. (1), (3), and (5), in order to clarify the role of the Ag 2 Bi layer in giving rise to the torque on the magnetization. Then, we compute in Sec. III B the fieldlike SOTs based on the first-principles transition rates P k ′ k in the presence of Bi vacancies in the Ag 2 Bi layer using Eqs. (1), (2) , and (5). In the latter case the transition rates are determined from solving the scattering problem of host electrons off a single embedded Bi vacancy as impurity, in accordance to the KKR Greens function methodology as described in Refs. [20, 21] .
A. Spin-orbit torques within the constant relaxation time approximation
Torkance at the true Fermi energy E F
We first compute the torkance of the Ag 2 Bi/Ag/Fe thin film with the Fermi energy set to its true value E F .W eusethe constant relaxation time approximation where the vector mean free path is given by λ(k) = (2Ŵ/h) v(k) with Ŵ = 25 meV. We find two nonvanishing components of the torkance tensor t zx =−0.18 ea 0 and t zy =−0.37ea 0 (a 0 is the Bohr's radius). is expected to be minor. Indeed, as we show in Fig. 4 , for both t zx and t zy components, the values of the torkance are results of a complex competition of the bands spread throughout the Brillouin zone.
Comparing the distribution of the torkance with the weights of the states on the Ag 2 Bi layer [ Fig. 3(a) ], we observe no correlation between both quantities. Only very small pockets of states with large weights on the Ag 2 Bi layer yield a sizable contribution to the torkance. Overall, the distribution of the torkance in the Brillouin zone shows that the SOI in the Ag 2 Bi layer is not the main mechanism giving rise to the SOT when the Fermi energy is set to its true value. However, the dispersion of the Rashba bands [Figs. 2(c) and 2(d)] suggests that a much stronger effect of the corresponding states could be expected when the Fermi energy is shifted below its true value. This could be realized, for example, by gating the system, tuning the thickness of the Ag layer, or alloying Bi layer with other elements with strong spin-orbit strength, such as, e.g., Pb. In the following, we choose to study the system with the value of the Fermi energy artificially shifted to −0.93 eV, i.e., into the middle of the Ag 2 Bi-originated Rashba bands close to the points of their anisotropic interaction with the Ag quantum well states.
Torkance at the Fermi energy set to E S = E F − 0.93 eV
In case when the Fermi energy is set to E S = E F − 0.93 eV, as apparent from Fig. 5 , the distribution of the torkance in the Brillouin zone is also very complicated. However, a striking difference to the previous case is the presence of a collection of states around the Ŵ point with considerably larger contribution to the torkance. (111) and five layers of Fe(110). The layer-resolved response coefficients for the spin accumulation and the torque are given in Table I .W e find for the torkance in the Fe layers a very large component t zy =−1.71 ea 0 and a rather small component t zx =−0.09 ea 0 , which corresponds to the values of the effective magnetic field B x , which acts on the magnetization of the order of 0.57 and 0.02 mT for a current density of 10 the diffusion of the spins from the Ag 2 Bi layer towards the other side of the film. This results in the torkance components t zx =−0.32 ea 0 and t zy =−0.66 ea 0 for the Fe layers being respectively by a factor of 3.6 larger and by a factor of 2.6 smaller, as compared to the case of the Ag/Fe film. Therefore both the magnitude and symmetry of the torkance tensor are strongly influenced by the presence of the Ag 2 Bi layer. The crucial role of the collection of states that hybridize with the Rashba states in the Ag 2 Bi layer suggests that a statedependent scattering mechanism might be used to modulate the torkance tensor by either promoting or suppressing the contribution of the Rashba states to the SOT.
B. SOTs based on the first-principles transition rates in the presence of Bi vacancies
In this section, we investigate the SOT in a Ag 2 Bi/Ag/Fe thin film based on the first-principles transition rates induced by Bi vacancies in the Ag 2 Bi layer. In order to account for other sources of scattering that are present at finite temperature, such as phonons, we add to the first-principles transition rates P imp k ′ k a constant diagonal contribution characterized by the disorder strength Ŵ. According to Ref. [21] , the total transition rates in that case are given by
where n(ε(k)) is the density of states. The corresponding relaxation times are defined by
with (τ
In the case of the CRTA, i.e., if the impurity concentrationc imp = 0, the torkance is inversely proportional to the disorder strength Ŵ. In the case when the impurity-induced transition rates P imp k ′ k are the only source of scattering, i.e., if Ŵ = 0, the torkance is inversely proportional to the impurity concentrationc imp . However, in the general case, the torkance tensor has a nontrivial dependence on both Ŵ andc imp .
We show in Fig. 6 (a) the torkance components t zx and t zy as a function of impurity concentration for a given value of disorder strength Ŵ = 25 meV. The torkance component t zx decreases continuously in magnitude from its CRTA value (c imp = 0) within the range of impurity concentration of 0-0.15. This trend can be explained by the reduction of the average relaxation time, and it is also expected for the longitudinal conductivity. However, the magnitude of the torkance component t zy decreases in the range of impurity concentration of 0-0.01 but increases in the range of 0.01-0.15. This behavior can not be explained solely by the reduction of the average relaxation time, which would necessarily tend to decrease the torkance. Instead, it is necessary to consider the dispersion of the relaxation times τ k over the BZ, which tends to suppress the contributions of the states with large weights on the Ag 2 Bi layer. The suppression of the large positive contribution from these states (Fig. 5 ) results in a net increase of the total (negative) t zy component of the torkance tensor in the range of 0.01-0.15, as observed in Fig. 6(a) .
In Fig. 6(b) , we present the values the effective magnetic fields per unit of current density for varying impurity concentration and a constant disorder strength Ŵ = 25 meV. The effective magnetic fields follow the general trend of the torkance, see Fig. 6(a) . For a current density j x = 10 7 Acm −2 along the x direction, the effective field B x varies from −0.17 to −0.11 mT over the range of impurity concentration of 0-0.15. For a current density j y of the same magnitude but applied along the y direction, the effective field B x varies from −0.38 to −0.47 mT over the same range of impurity concentration. Therefore increasing the concentration of Bi vacancies by 0.01 yields a variation of the effective magnetic fields of about 2%, which is remarkable given the large distance between the Ag 2 Bi and Fe layers.
We compare in Fig. 7 (a) the torkance components in cases c imp = 0 (CRTA) andc imp = 0.1 for varying disorder strength Ŵ. In the range of disorder strength of 5-25 meV, the torkance follows the general trend observed in Fig. 6(a) , i.e., the t zx (t zy ) component decreases (increases) in magnitude in the presence of a finite concentration of Bi vacancies as compared to the CRTA case. For Ŵ = 1 meV, both components are smaller than their corresponding CRTA values, which is consistent with the divergence expected for Ŵ → 0 in the CRTA case.
The effective magnetic fields per unit of current density in the case whenc imp = 0 (CRTA) andc imp = 0.1f o rv a r y i n g disorder strength Ŵ are shown in Fig. 7(b) .I nt h eC R T A case, the ratio of the effective field to the current density is independent of the disorder strength, since both quantities are inversely proportional to Ŵ. In the case whenc imp = 0.1, the FIG. 8 . Distribution of T z (k)λ x (k)/|v(k)| and T z (k)λ y (k)/|v(k)| in the Brillouin zone for the Bi/Ag/Fe film. The Fermi energy is set to E S = E F − 0.93 eV. The impurity concentration and the disorder strength are set toc imp = 0.1andŴ = 1 meV, respectively. The color scale was adapted by a factor of 11.1 to account for the larger longitudinal conductivity as compared to the case wherec imp = 0 and Ŵ = 25 meV (Fig. 5). effective field follows the general trend observed in Fig. 6(b) , i.e., it decreases (increases) in magnitude as compared to the CRTA case when the current density j is applied along the x(y)-directions. The deviation from the CRTA values is most pronounced for low values of disorder strength. At Ŵ = 1 meV, the effective magnetic field is, respectively, reduced or increased by about 70% as compared to its CRTA value, when the current density is injected in the x or y direction. Around Ŵ = 25 meV, the effect of the Bi vacancies is still sizable and can be tuned by varying the impurity concentration, see Fig. 6(b) .
The effect of Bi vacancies on the torkance tensor can be interpreted in terms of suppression or promotion of contributions from different states in the BZ. As a reference, we show in Fig. 5 the BZ distribution of the torkance for the case of Ŵ = 25 meV andc imp = 0 (CRTA). As discussed in Sec. III A, the states with large weights on the Ag 2 Bi layer, which hybridize with the Rashba states, provide a very large contribution to the torkance tensor. These states are easily identified in Fig. 5 due to their Rashba-like symmetry and higher intensity as compared to other states in the BZ. For comparison, we show in Fig. 8 the BZ distribution of the torkance for the case of Ŵ = 1 meV andc imp = 0.1. We observe a strong modification in the relative magnitude of the contributions from different regions of the BZ. In particular, the very large contributions from the states with large weights on the Ag 2 Bi layer are strongly suppressed. Therefore the large variation of the effective magnetic field observed in Fig. 7(b) between the cases withc imp = 0 (CRTA) andc imp = 0.1i s driven by the suppression or promotion of the contributions from different states in the BZ. This suggests a very powerful strategy to tune the SOT in Bi/Ag/Fe thin films by proper engineering of the sources of scattering in the system.
IV. CONCLUSIONS
Using the KKR method, we have computed the fieldlike SOT in a Ag 2 Bi-terminated Ag(111) film grown on ferromagnetic Fe(110). We demonstrated that a large part of the computed SOT arises from the SOI in the Ag 2 Bi layer and therefore has a distinct nonlocal character, which does not originate in the intrinsic spin Hall effect. Based on the first-principles transition rates induced by Bi vacancies in the Ag 2 Bi layer, we compute the SOT for various types of disorder. We show that the introduction of Bi vacancies can be used as a tool to engineer the desired properties of the SOT in this system.
